STUDY QUESTION: Are specific morphological anomalies in human mature oocytes, as revealed by transmitted light microscopy, associated with intrinsic damage to the meiotic spindle and actin cytoskeleton?
Introduction
In human IVF, heterogeneity in oocyte quality is observed both interand intra-individually. Intra-individual differences may emerge in successive ovarian cycles of the same woman (Baerwald et al., 2012b) as an effect of inherent diversities among oocytes or random perturbations of the process of oogenesis and folliculogenesis (Baerwald, 2003) . In ART, differences between oocytes are enhanced by ovarian stimulation, which is unable to promote follicular recruitment and growth in a uniform fashion (Baerwald et al., 2012a) . Oocyte heterogeneity has implications for essential aspects of ART, such as embryo selection for single embryo transfer, oocyte and embryo cryopreservation, cycle efficiency and treatment safety. This justifies why, in preparation for ICSI, oocytes are observed to detect, if not characteristics positively associated with oocyte quality, at least dysmorphisms possibly incompatible with embryo viability. Unfortunately, the notion that oocyte quality can be deduced from its morphology is highly controversial (Serhal et al., 1997; Balaban et al., 1998; Ebner et al., 2006; Braga et al., 2013) . Indeed, oocytes frequently display a number of morphological anomalies, including non-spherical shape, cytoplasmic irregularities, first polar body fragmentation and thick or dark zona pellucida (Rienzi et al., 2012 ; ESHRE Atlas of Human Embryology, http://eshre.webenpruebas.net). Some rare abnormalities, namely the 'giant size' phenotype (Balakier et al., 2002) and the presence of a very large polar body (Ebner et al., 2002; De Santis et al., 2005) , have been clearly associated with developmental failure. On the other hand, other dysmorphisms occur much more frequently, but a consensus on their biological and clinical significance is far from being established (Rienzi et al., 2011) , as mentioned above. Therefore, in the routine of the IVF laboratory, the question of the selection of oocytes suitable for treatment remains affected by criteria of subjectivity or, in other cases, is simply ignored.
With this study, we wished to assess whether distinctive and commonly found oocyte dysmorphisms are associated with cytoskeletal alterations, in order to define more objectively the nature of such abnormal phenotypes and their use as criteria for oocyte selection. To this aim, we applied a methodology developed in our laboratory based on morphological and morphometric parameters of the metaphase II (MII) spindle and suboolemmal actin (Coticchio et al., 2013 (Coticchio et al., , 2014 . Here, we document an association between widespread oocyte dysmorphisms suspected to reflect compromised oocyte quality, i.e. smooth endoplasmic reticulum (SER) aggregates and centrally located granular cytoplasm (GC), and specific cytoskeletal traits that can affect oocyte and embryo function.
Material and Methods

Source of oocytes
This study was approved by the local institutional review board and carried out between April 2013 and December 2015. Supernumerary oocytes were obtained from patients undergoing ART treatment after signing of informed consent and in agreement with current Italian laws and recommendations of international committees. Case by case, dysmorphic oocytes were selected for this study provided that a suitable number of oocytes (preferably morphologically normal) were available for treatment.
Oocyte recovery
Pituitary down-regulation was achieved by GnRH agonist (Triptoreline acetate, Ferring, Milan, Italy) (Origio, Måløv, Denmark) . Within 3 h of collection, cumulus cells were removed by brief exposure to culture medium containing cumulase (80 U/ml; Origio, Måløv, Denmark) followed by mechanical action. Oocytes displaying the polar body I were assessed morphologically, immediately fixed, if appropriate, within 3 h of collection, and stored at 4°C for subsequent staining and confocal analysis.
Morphological assessment
MII oocytes displaying spherical shape, diameter of~120 μm excluding the zona pellucida, compact and regular zona pellucida, and translucent and homogeneous cytoplasm were classified as normal. Among the many possible categories of dysmorphic oocytes, those with SER aggregates and GC were chosen for analysis because they are relatively more prevalent (Meriano et al., 2001 ) and suspected to be associated with reduced oocyte quality (Serhal et al., 1997; Kahraman et al., 2000; Ebner et al., 2008; Rienzi et al., 2008; Braga et al., 2013) or with a health risk to the newborn (Akarsu et al., 2009; Sá et al., 2011) . SER oocytes were considered as those showing large membrane-bound masses of cytoplasm including material with reduced granularity, thought to be aggregates of SER (Otsuki et al., 2004) . Oocytes were classified as GC when they showed a centrally localized domain with intense and often dark cytoplasmic granularity (Rienzi et al., 2012 ; ESHRE Atlas of Human Embryology, http://eshre. webenpruebas.net) (Fig. 1) .
Oocyte fixation and immunostaining
Oocytes were fixed in microtubule-stabilizing buffer (100 mM piperazine-N, N′-bis(2-ethanesulphonic acid), 5 mM MgCl 2 , 2.5 mM EGTA, 2% formaldehyde, 0.1% Triton X-100, 1 mM taxol, 10 U/ml aprotinin and 50% deuterium oxide) for 30 min at 37°C and stored in blocking solution (0.2% sodium azide, 2% normal goat serum, 1% bovine serum albumin, 0.1 M glycine and 0.1% Triton X-100 in PBS) at 4°C until further processing. After storage in blocking solution (for a few weeks maximum), oocytes were processed for immunostaining through serial incubations with primary and secondary antibodies (1 h per antibody at 37°C with shaking) followed by washing (three washes of 15 min) in blocking solution after each antibody incubation. Microtubule staining was performed by using a mouse monoclonal anti-α/β tubulin antibody mixture (Sigma Biosciences, Italy) diluted 1:100 in wash solution, followed by Alexa 488 goat anti-mouse IgG (1:500; Molecular Probes, USA), rhodamine-phalloidin (1:200; Molecular Probes, USA) and 1 μg/ml Hoechst 33 258 (Molecular Probes, USA) to detect chromatin. Finally, samples were mounted in medium containing 50% glycerol, 25 mg/ ml sodium azide and 1 μg/ml Hoechst 33 258 using wax cushions to avoid sample compression (Combelles et al., 2002; Coticchio et al., 2010 Coticchio et al., , 2013 .
All possible measures were taken to make signal intensity and patterns comparable between samples: (i) freshly prepared microtubule stabilization buffer-XF fixative was always used; (ii) the confocal microscopy apparatus was subject to regular checks to confirm repeatability of signal emission generated by a reference sample analysed under identical acquisition conditions; (iii) once samples were fixed, they were subjected to a conditioning step (exposure to a specifically designed blocking solution, see above) that assures both cessation of any residual fixation and storage; (iv) staining exposures were performed the day before each confocal microscopy acquisition session and (v) image acquisition was carried out under identical instrumental conditions in each confocal microscopy session.
Imaging acquisition and analysis
Labelled oocytes were analysed using a Leica TCS SP2 Laser Scanning Confocal microscope using a 63× objective, KrArg (488 nm excitation) and HeNe (543 nm excitation) lasers for collection of complete three channel Z-stacks. Optical sections were collected at 0.3 µm intervals and reconstructed as 3D image using Leica Confocal Software (LCS) Lite software (Bromfield et al., 2009) . Spindles were analysed according to 1D and 2D characteristics using LCS Lite software in X, Y or Z planes. The following morphometric parameters were measured for each spindle: (i) major axis, (ii) minor axis, (iii) distance of poles from the metaphase plate and (iv) area of maximum projection. Maximum projection was defined as the 2D area represented by the reconstruction of Z-axis data sets into a 3D representation of the total pixel array for each spindle (Coticchio et al., 2013 (Coticchio et al., , 2014 . Each spindle was further characterized based on whether all chromosomes, homologues or sister chromatids, were aligned on the metaphase plate or if chromosomes were misaligned. Misalignment was denoted as any case where there was ≥2 μm displacement of at least one chromosome from the metaphase/equatorial plate (Coticchio et al., 2013 (Coticchio et al., , 2014 . Chromosome arrangement inside and outside the spindle surface was also evaluated. In reconstructions from a polar angle, we defined chromosome disposition as being normal when two sets of concentric arrays were apparent or, if there was deviation from this, as indicated by peripheral displacement or absence of a complete inner ring, they were classified as abnormal (Coticchio et al., 2013 (Coticchio et al., , 2014 .
In MII oocytes, the intensity of actin signal was measured along a segment drawn through an equatorial optical section of the oocyte, coaxially with the spindle. Maximum intensity values of cortical actin, near and opposite the spindle, were evaluated (Coticchio et al., 2013 (Coticchio et al., , 2014 .
Statistical analysis
Median values and ranges of oocytes continuous measurements were calculated as no normal distribution was found for any of the characteristics considered. Wilcoxon rank test was then used to compare results of SER and GC groups relative to the control group. Absolute and percentage frequencies of number of chromosomes displaced from the metaphase plate and of regular chromosome arrangement were calculated and Fisher's exact test was used to compare group's results.
A level of P < 0.05 was adopted for significance. Stata software 9.0 (Stata Corporation, College Station, TX) was used for statistical analysis.
Results
Overall, 170 mature oocytes were assessed morphologically and analysed. In particular, oocytes showing SER aggregates (n = 54, 16 patients) or centrally localized GC (n = 54, 23 patients) were compared with control oocytes (n = 62, 34 patients) (Table I and Fig. 1A-C) . Patient mean age (±SD) was 35.8 ± 3.8, 35.9 ± 2.9 and 35.7 ± 4.1 years in control, SER and GC groups, respectively, (P = NS). In such women, indications for ART were diverse, although male infertility, tubal dysfunction and unexplained infertility were the most prevalent conditions in all three groups.
Spindle morphometry
All oocytes included in the study had bipolar spindles amenable to morphometric analysis. Several morphometric parameters of the meiotic spindles (Coticchio et al., 2013) were compared between control and dysmorphic oocytes (Table II) . In comparison with control oocytes, both SER and GC oocytes had significantly greater spindle length (P = 0.033 and 0.003, respectively). Also, GC oocytes had a greater width (P = 0.049). The ratio between such dimensions was larger in SER, but not in GC, oocytes (P = 0.038 and 0.067, respectively). Conversely, only GC oocytes displayed a large spindle area (P = 0.036). The position of the metaphase plate relative to the spindle poles, proximal and distal to the cortex, was also different between control and dysmorphic oocytes. In particular, overall the metaphase plate of dysmorphic oocytes tended to be localized equatorially, while that of control oocytes was closer to the pole proximal to the cortex.
Chromosome arrangement
Two perspectives for chromosome disposition were evaluated. From a lateral view of the spindle, we recorded whether all chromosomes were organized within a metaphase plate (aligned) or when a single chromosome or more were displaced from the plate by at least 2 μm ( Fig. 2A-C) . The extent of displacement was assessed based on the number of chromosomes (0-2, 3-8 and 9-11) not aligned with the metaphase plate (Table III) . Control and SER oocytes had statistically comparable rates of chromosome displacement. On the contrary, in GC oocytes chromosome displacement occurred at higher rate compared with morphologically normal oocytes (P = 0.013). Similar results were observed when displacement was measured according to different intervals of numbers of non-aligned chromosomes, i.e. 0, 1-2, 3-5, 6-8 and 9-11 (Supplementary Table S1 ).
In an alternative perspective from a polar angle, we categorized chromosome disposition as being normal when two sets of concentric arrays were visible (Fig. 3A) . Control (62) SER (54) GC ( inner ring, chromosome organization was classified as partially or totally disarranged (Fig. 3B, C) . Based on these parameters, the proportions of oocytes with a normal chromosomal arrangement or partial/ total disarrangement was not statistically different between control and SER oocytes (Table IV) , unlike GC oocytes where chromosome disarrangement was higher (P = 0.002), especially concerning the class with a larger number of dispersed chromosomes.
Actin intensity and distribution
Consistent with previous human data, in both morphological normal and dysmorphic oocytes, the cortical domain adjacent the spindle showed a more intense actin signal in comparison to the opposite cortical domain (Table V) . However, in both domains adjacent to and opposite the spindle, actin signal intensity was comparable between the three morphological classes. Conversely, major differences were found in the overall integrity of actin distribution. Invariably, normal oocytes display a continuous meshwork of suboolemmal actin, which appears as an uninterrupted ring in thin optical sections (Coticchio et al., 2014) . This circumstance was observed also in the present study, where an unbroken circle of actin was observed in 100% of control oocytes (Table V and Fig. 4A ). In contrast, large proportions of dysmorphic oocytes showed multiple segments of the ring where the actin signal was not detectable (Fig. 4B) . In particular, in SER and GC groups, integrity of the actin ring was observed in only 66.7 and 42.9% of oocytes, respectively (P = 0.0001).
Discussion
Human mature oocytes exhibit a variety of abnormal morphological traits (Rienzi et al., 2012 ; ESHRE Atlas of Human Embryology, http:// eshre.webenpruebas.net). The aetiology of such dysmorphisms is not known, although it is suspected to be associated with doses and duration of gonadotropin administration (Ebner et al., 2008) , but not modality of pituitary suppression (Cota et al., 2012) Data were analysed by grouping oocytes according to whether they displayed chromosomes organized in two regular rings outside and inside the spindle surface or partially or totally disorganized.
affect oocyte morphology and ultrastructure but only after 24-72 h of culture (Eichenlaub-Ritter et al., 1988; Bianchi et al., 2015) , i.e. in extreme situations that never occur in an IVF laboratory. In this study, we observed that indeed two specific classes of dysmorphic oocytes are affected by cytoskeletal abnormalities that can have implications for the fate of the ensuing embryo. To achieve the goal of the study, we harnessed our prior experience in the investigation of the cytoskeleton of the human oocyte. Indeed, in availing biomarkers for a detailed analysis of the relationship between the microtubule scaffolding and chromosome organization and the constitution of cortical actin, we had predicted that more informed approaches could be engaged with the overall aim of achieving a better definition of oocyte quality in human ART (Coticchio et al., 2013 (Coticchio et al., , 2014 . The data of the present study seem indeed to confirm such a prediction.
Morphometric analysis of the tubulin cytoskeleton revealed that both SER and GC oocytes display spindles with a larger longitudinal axis, while GC oocytes also have large spindle width and area. Although experimental evidence of a relationship between these parameters and oocyte quality is missing in the human, previous observations describing the cytoskeleton in cryopreserved human oocytes seem to suggest an association between altered spindle morphometry and reduced oocyte quality. In particular, Bromfield et al. (2009) described that cryopreservation may cause a variety of cytoskeletal alterations, including an increase in spindle length associated with chromosome displacement. Such an association is suggestive of the findings of the present data. In SER oocytes, where the increase in spindle length is statistically significant but not large compared with control oocytes, we did not observe chromosome latitudinal displacement or disruption of a ring-like distribution outsideinside the spindle. On the contrary, in GC oocytes, where the overall increase in spindle size, including length, was more pronounced compared with control oocytes, both chromosome configurations relative to the metaphase plate and outside-inside the spindle were affected. This has important implications concerning the use for ART treatment of oocytes displaying such characteristics. In fact, together with agedependent premature chromosome or chromatid disjunction (Nagaoka et al., 2012) , disarrangement of chromosomes positions in the spindle is a well-recognized source of segregation errors (Holubcová et al., 2015) .
Assessment of the actin cytoskeleton was perhaps even more revealing of the quality of SER and GC oocytes. Recently, in the first systematic study of the actin cytoskeleton of human oocytes, we suggested that the cortical meshwork of actin could be harnessed as a biomarker of oocyte quality. In particular, we reported that, similar to the mouse (Longo and Chen, 1985; Barrett and Albertini, 2010) , during oocyte maturation suboolemmal actin, organized in a thin and uninterrupted network of fibres, acquires a polarized distribution involving an accumulation in the domain adjacent the spindle (Coticchio et al., 2014) . Here, we confirm that cortical intensity is polarized in a similar fashion in both normal and dysmorphic oocytes, but more importantly report that the integrity of the actin meshwork is often disrupted in SER and GC oocytes. This observation casts concerns over the quality of such oocytes. Cortical actin is crucial for the process of cytokinesis (Li, 2013) and therefore it is plausible that loss of its integrity may give rise to disturbances of cleavage events that follow fertilization. Consistent with this hypothesis is the finding that, in oocytes showing centrally localized GC, fertilization rates and proportion of good/ excellent quality embryos are lower compared to that in control oocytes (Rienzi et al., 2008) .
In the absence of experimental data, the association between the dysmorphisms of SER and GC oocytes and the observed cytoskeletal alterations is difficult to explain, but not necessarily surprising. In fact, organelle distribution, clearly perturbed in both types of dysmorphic oocytes, and cytoskeletal functions are strictly and mutually interdependent (FitzHarris et al., 2007; Coticchio et al., 2015) .
Both types of abnormalities observed in SER and GC oocytes have evident and potentially serious implications for oocyte function and embryo development, thereby reheating the debate about whether oocytes displaying certain dysmorphisms should be used for treatment. In fact, not only have concerns been raised on a possible reduction in treatment efficiency in cases in which such oocytes are used, as an effect of sub-optimal fertilization and pre-implantation development (Serhal et al., 1997; Kahraman et al., 2000) . More importantly for human health, SER oocytes have been suggested to be associated with imprinting disorders (Otsuki et al., 2004) or cardiovascular problems (Sá et al., 2011) . In addition, Ebner et al. (2008) described a trend toward preterm birth and a significant decrease in birth weight in children born from SER oocytes (Ebner et al., 2008) . SER aggregates may also represent a biomarker for oocyte function, as suggested by preliminary findings suggesting alternations in the pattern of Ca 2+ oscillations occurring at fertilization (De Gheselle et al., 2014) .
This has prompted scientific societies to consider the use of such oocytes with caution (Alpha Scientists in Reproductive Medicine and ESHRE Special Interest Group of Embryology, 2011). However, more recent observations argue against the notion that pregnancies and babies derived from SER oocytes are at higher risk of malformations (Mateizel et al., 2013; Hattori et al., 2014; Shaw-Jackson et al., 2016) . The present study offers a contribution to the debate on the use of dysmorphic oocytes. Chromosome disarrangement and/or loss of cortical actin integrity observed in SER and GC oocytes suggest indeed that specific dysmorphisms reflect cytoskeletal anomalies that can potentially lead to chromosome segregation errors and perturbances of cytokinesis during extrusion of the second polar body or postfertilization cleavages, with obvious implications for embryo viability. In this light, the choice of not using SER and especially GC oocytes may be appropriate, especially if in a given treatment cycle a sufficient number of morphologically normal oocytes is available for treatment. However, in our opinion the decision of whether to use dysmorphic oocytes should be taken case by case considering all relevant treatment variables, bearing also in mind that the association between SER and GC dysmorphisms and cytoskeletal anomalies observed in the present study is strong but not absolute.
We acknowledge limitations of the present study. In fact, only two of several known oocyte dysmorphisms were investigated, and oocyte quality was assessed only by cytoskeletal criteria. In addition, our methodology of assessment of oocyte quality is invasive and not applicable to oocytes that should be used for treatment. Regardless, we trust that our study represents a significant step toward a more objective assessment of oocyte dysmorphism, offering information that can assist embryologists to make a more aware and rationally founded decision on whether, and with what possible implications, oocytes with certain dysmorphic characters should be used for treatment.
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